Controlled coupling of selected single quantum dots with high-Q microdisk 

microcavities 
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We have fabricated and studied the photoluminescence from microdisks containing single, selected 
self-assembled quantum dots. Using two electron beam lithography exposures and a two-step selec- 
tive wet etching process, the dots were positioned at the microdisks edges with sub-micron precision. 
The selection and positioning of quantum dots enables an optimum coupling of the dot emission to 
the microdisks whispering modes. 

PACS numbers: 78.67.Hc,78.67.-n,78.55.-m,78.55.Cr 



Microdisks offer a very efficient optical confinement at 
their periphery, yielding high quality factors Q, • Ca- 
valries as high as 17000 have been reported for microdisks 
with InAs quantum dots and values as high as 10 8 
have been reached with Si02 microdisks 4|. This re- 
sults in sharp emission lines and low lasing thresholds 
0, El • Quantum dots are especially well suited for mi- 
crodisks as they introduce less absorption than quantum 
wells. Coupling a single quantum dot to the whispering 
modes of a microdisk would enable an optimum coupling 
of a single emitter to the maximum quality factor value 
that can be attained. Single quantum dot based devices 
offer new functionalities such as single photon emission 
IE El El IHl > a single dot is an exciting tool to study 
cavity quantum electrodynamics effects, as has been done 
with single atoms in cavities 01 • The controlled cou- 
pling of a single emitter to a high quality factor cavity 
also enables a careful study of lifetime modifications. The 
inherent random positioning of self-assembled quantum 
dots makes it difficult to position dots in a cavity. All life- 
time modification studies reported so far have been done 
with randomly positioned dots in cavities [l3L ITU llolITt^ . 
A precise control of the dot position enables an opti- 
mal study of the emitter-cavity coupling [l7^ , we achieve 
this goal by positioning the cavity respective to the dots. 
Other techniques that have been used to position mi- 
crostructures in relation to selected QDs [l8| was consid- 
ered unsuitable for producing high-quality microdisks. 

The sample was grown by metal organic vapor phase 
epitaxy on a GaAs wafer. A GaAs buffer layer was first 
deposited followed by a 100 nm thick GalnP layer serv- 
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ing as an etch stop during the pillar etching, and 600 nm 
of GaAs was then deposited, in order to set the height 
of the pedestal. This value was chosen to avoid optical 
coupling with the substrate while still providing an ef- 
ficient thermal contact between the microdisk and the 
substrate. Finally, 90 nm of GalnP were deposited with 
a low density of InP dots in the center of the layer. 

A coordinate system was fabricated on the sample us- 
ing electron beam lithography. Gold marks were pro- 
duced in regular arrays by thermal evaporation of gold 
followed by liftoff. The sample was then mapped with a 
micro-photoluminescence setup with sub-micron resolu- 
tion. The photoluminescence from single dots and white 
light reflection from the metal markers was imaged simul- 
taneously. These images gave the position of quantum 
dots relative to the metal markers, an image is shown in 
Fig. la. 

A second electron beam lithography exposure was 
made to define the microdisks. The gold marks were 
easily imaged through the resist with the electron mi- 
croscope and were used as alignment markers to pro- 
duce disks containing the selected dots in their periphery, 
where the whispering modes are most intense. Circular 
SiO masks with 5 micron diameter were obtained follow- 
ing liftoff. The structures were produced by wet etching 
to obtain high Q values 0|. A non selective etchant 
was used to etch through the GalnP and into the GaAs 
before the SiO mask was removed. The pedestal was 
then formed by selective etching. Details of the pro- 
cessing have been published elsewhere (2^. A complete 
microdisk structure containing a single quantum dot is 
shown in Fig. lc. Fig. 1 a and b were taken on the 
same location, during mapping and after completing the 
processing. The dots are numbered and comparing the 
two images clearly shows that all the dots have been suc- 
cessfully placed at the microdisks edges. 

Photoluminescence experiments were done in a liquid 
helium cooled cryostat at a temperature of 10 K. The 



2 



(a) 



* 5 




10 P 



3 P 



(d) 



1 ,S5 1 ,7 

Energy (eV) 



FIG. 1: Micro-photoluminescence images of (a) unprocessed 
sample with gold marks and (b) microdisk sample, with each 
QD assigned a number. A SEM-image (c) of the microdisk 
containing QD 1 and spectra (d) from this disk at different 
low pumping levels. 



luminescence was collected using a microscope objec- 
tive with 0.4 numerical aperture. The excitation source 
was a frequency doubled Nd:YAG laser emitting at 532 
ran. Spectra were acquired with a cooled CCD and a 
monochromator. Images were taken with a video camera 
and a bandpass filter (10 nm FWHM) centered at 720 
nm. 

InP quantum dots are especially well suited for this 
kind of experiment as they have been shown to emit sin- 
gle photons at the ideal wavelength for silicon detectors 
[llj • Lasing of the GalnP in the disks we study here has 
been reported |20j . 

Fig. Id shows spectra obtained on a microdisk con- 
taining a single quantum dot. Only a few sharp peaks 
are visible at low pumping power, which is typical for a 
single InP QD of this size 211. 

The possibility to achieve strong coupling with a sin- 



gle quantum dot has been discussed by Gerard et al. 
|22|. Microdisks are the best candidates, as micropil- 
lars have too large linewidths and microspheres have too 
large mode volumes. We predict that by placing a single 
quantum dot in the maximum field of a microdisk res- 
onator of the right diameter, strong coupling could be 
achieved for a single quantum dot. 

In an other microdisk sample, with random distribu- 
tion of QDs inside the cavities, the structure in Fig. 2 was 
observed. Such structures would be possible to create in 
a controlled way by using the demonstrated processing 




FIG. 2: Micro-photoluminescence images of a microdisk con- 
taining two QDs close to the edge. 



scheme. This might prove particularly useful for evalu- 
ating quantum information processing schemes based on 
this type of structure |2^| . 



Conclusions 

A technique to position single quantum dots in mi- 
crodisks has been developed. Optical studies have con- 
firmed the presence of only one QD in the microdisk. 
One major application of this technique is the possibility 
to compare theoretical and experimental measurements 
on the lifetime modifications, as the coupling of the dot 
to the field depends strongly on the dot position. Fur- 
ther studies should enable us to reach the strong coupling 
regime for a single dot in a microdisk. 



Acknowledgments 

Part of this work was performed within the Nanome- 
ter Structure Consortium in Lund, Sweden and was sup- 
ported by NFR, TFR, NUTEK and SSF. One of us (VZ) 
acknowledges funding from the European Union's Marie 
Curie fellowship. 



[1] S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, 
R. A. Logan, Appl. Phys. Lett. 60, 289 (1992). 

[2] R. E. Slusher, A. F. J. Levi, U. Mohideen, S. L. McCall, 
S. J. Pearton, R. A. Logan, Appl. Phys. Lett. 63, 1310 
(1993). 

[3] P. Michler, A. Kiraz, C. Becher, L. Zhang, E. Hu, A. 
Imamoglu, W. V. Shoenfeld, and P. M. Petroff, Phys. 
Stat. Sol. (b) 224, 797 (2001). 



[4] D. K. Armani, T. J. Kippenberg, S. M. Spillane, K. J. 

Vahala, Nature 421, 925 (2003). 
[5] H. Cao, J. Y. Xu, W. H. Xiang, Y. Ma, S. H. Chang, S. 

T. Ho, and G. S. Solomon, Appl. Phys. Lett. 76, 3519 

(2000). 

[6] P. Michler, A. Kiraz, L. Zhang, C. Becher, E. Hu and A. 

Imamoglu, Appl. Phys. Lett. 77, 184 (2000). 
[7] P. Michler, A. Kiraz, C. Becher, W. V. Shoenfeld, P. M. 



3 



Petroff, L. Zhang, E. Hu, and A. Imamoglu, Science 290, 
2282 (2000). 

[8] C. Becher, A. Kiraz, P. Michler, A. Imamoglu, W. V. 

Shoenfeld, P. M. Petroff, L. Zhang, and E. Hu, Phys. 

Rev. B 63, 121312-1 (2001). 
[9] A. Kiraz, P. Michler, C. Becher, G. Gayral, A. Imamoglu, 

L. Zhang, E. Hu, W. V. Schoenfeld, and P. M. Petroff, 

Appl. Phys. Lett. 78, 3932 (2001). 
[10] V. Zwiller, H. Blom, P. Jonsson, N. Panev, S. Jeppesen, 

T. Tsegaye, E. Goobar, M.-E. Pistol, L. Samuelson, G. 

Bjork, Appl. Phys. Lett. 78, 2476 (2001). 
[11] V. Zwiller, T. Aichele, W. Seifert, J. Persson, O. Benson, 

Appl. Phys. Lett. 82, 1509 (2003). 
[12] G. Rempe, Physics World 13, 37 (2000). 
[13] J. M. Gerard, B. Sermage, B. Gayral, B. Legrand, E. 

Costard, and V. Thierry-Mieg, Phys. Rev. Lett. 81, 1110 

(1998). 

[14] G. S. Solomon, M. Pelton, and Y. Yamamoto, Phys. Rev. 

Lett. 86, 3903 (2001). 
[15] B. Gayral, J.-M. Gerard, B. Sermage, A. Lemaitre and 

C. Dupuis, Appl. Phys. Lett. 78 2828 (2001). 



[16] A. Kiraz, P. Michler, C. Becher, B. Gayral, A. Imamoglu, 
L. Zhang, E. Hu, W. V. Schoenfeld and P. M. Petroff, 
Appl. Phys. Lett. 78 3932 (2001). 

[17] J. Vuckovic and Y. Yamamoto, Appl. Phys. Lett. 82, 
2374 (2003). 

[18] S. Fiilth, V. Zwiller, W. Seifert, and M.-E. Pistol, Physica 

Scripta T101, 133 (2002). 
[19] B. Gayral, J.M. Gerard, A. Lemaitre, C. Dupuis, L. 

Manin, and J.L. Pelouard, Appl. Phys. Lett. 75, 1908 

(1999). 

[20] V. Zwiller, S. Fiilth, J. Persson, W. Seifert, and L. 

Samuelson, G. Bjork, J. Appl. Phys. 93, 2307 (2003). 
[21] J. Persson, M. Holm, C. Pryor, D. Hessman, W. Seifert, 

L. Samuelson and M.-E. Pistol, Phys. Rev. B 67 035320 

(2003). 

[22] J. M. Gerard, B. Gayral, Physica E 9, 131 (2001). 

[23] A. Imamoglu, D. D. Awschalom, G. Burkard, D. P. Di 

Vincenzo, D. Loss, M. Sherwin, and A. Small, Phys. Rev. 

Lett. 83, 4204 (1999). 



